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The adsorption behavior of Cs+ and Ba2+ cations on magnesite has been studied as a function of
time, cation concentration and temperature, utilizing both the radiotracer method and X-ray photo-
electron spectroscopy (XPS). Saturation was approached in about 1 day for both cations. The sorption
data were found to follow Freundlich type isotherms. Sorption of both Cs+ and Ba2+ cations were
found to be exothermic in nature with DH0 (kJ/mol) of ÿ37, ÿ13 and DS0 (kJ/molK) of ÿ0.09, ÿ0.009,
respectively. Negative DG0 values were obtained for both cations, indicating the spontaneity of their
sorption on magnesite. The magnitude of DG0 suggest that ion exchange is the dominating sorption
mechanism. # 1998 Elsevier Science Ltd. All rights reserved
Introduction
In order to provide the necessary protection for the
environment, nuclear wastes could be disposed of,
in deep or shallow geological repositories. Clay
minerals have been proposed as suitable backfilling
materials in these repositories, because of their abil-
ity in retarding or delaying the migration of radio-
nuclides to the biosphere (Jedinakova-Krizova,
1996). Thus, sorption studies investigating how the
interactions between the clays and the radionuclides
are aected by various factors that control the sorp-
tion process become quite important. Among such
factors are the concentration of radionuclides in
groundwater, the period of contact, the tempera-
ture, pH, the size of clay particles and the liquid–
solid ratio.
Many investigations have been carried out to
examine the eect of such factors on the sorption
and transport properties of dierent radionuclides
(Raerty et al., 1981; Torstenfelt, 1986; Benes et al.,
1989; Lieser, 1995). Detailed work examining the
sorption/desorption behavior of Cs+ and Ba2+ ions
on dierent clays and soil fractions from various
regions of Turkey was carried out (Erten et al.,
1988; Eylem et al., 1990) In those studies, sorption
of Cs+ and Ba2+ cations on magnesite was exam-
ined as a function of time, cation concentration and
temperature. The interaction of Cs+ with various
soil fractions is of considerable interest in radio-
active waste considerations. The radionuclide 137Cs
is produced in high yield during the fission process
and due to its long half life (t1/2=30.17 years), is a
principal radiocontaminant. 140Ba (t1/2=12.8 days)
is also a serious radiocontaminant during the first
100 days when fission products are discharged into
the environment. Furthermore Ba being a homol-
ogue of Ra is a suitable cation for the radiochemi-
cal study of Ra, a serious contaminant in some
radioactive wastes. 133Ba was chosen as a tracer
because of its long half life (10.7 years) and easily
measurable g-ray (361 keV). Magnesite, a mineral
composed mainly of magnesium carbonate with
minor amounts of quartz with a single exchangeable
cation (Mg2+), was chosen as the solid phase for
this study. Mineral samples were separated into var-
ious size fractions by dry and wet sieving. The par-
ticle size of the samples used was less than 75 mm.
The cation exchange capacity (CEC) of magnesite
determined by the silver–thiourea method was 3–7 -
meq/100 g (Searle, 1986).
X-ray photoelectron spectroscopy (XPS), an
inherently surface sensitive technique, is among the
few methods available for direct chemical and struc-
tural characterization of mineral surfaces. The XPS
spectrum provides information about the elemental
composition and chemical speciation of the sample
analyzed. XPS is a clear and well-defined analytical
technique based on the positions and intensities of
peaks within the spectrum. Furthermore, the exact
positions of the peaks are related to the chemical
environment of the electrons, so that additional
structural and chemical information can be deduced
from binding energy shifts. Many studies of the in-
teractions between radionuclides and dierent min-
eral matrices have used this powerful tool
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(Koppelman et al., 1980; Dillard and Koppelman,
1992). In this study the sorption anities of magne-
site towards cesium and barium ions are examined.
Experimental
Radiotracer method
For the radiotracer experiments, aliquots of
30 mg of magnesite (obtained from the Turkish
Mining Institute MTA) were weighed out into a
pre-weighed tube and 3 ml of laboratory tapwater
as substitute for groundwater were added into each
tube which was then shaken for 4 days with a lat-
eral shaker at 125 rpm. Samples were then centri-
fuged at 6000 rpm for 30 min and the liquid phases
were discarded. Each tube was then weighed to
determine the amount of water remaining inside
after discarding the decantate (DWpt). This pretreat-
ment step was intended to mimic the equilibrium
situation of the magnesite samples with ground-
water prior to sorption experiments. The powders
were later used in the sorption experiments. The
cation composition of Bilkent tapwater used in the
sorption experiments is given in Table 1.
Kinetic studies. To each of the 30 mg pretreated
magnesite samples, 3 ml of solutions containing
110ÿ4 meq/ml of Cs+ or Ba2+ with appropriate
amounts of 137Cs or 133Ba radiotracers were added.
Sample tubes were shaken at room temperature
for periods ranging from 1 h to 7 days. Samples
were then centrifuged and 2 ml portions of the
liquid phases were counted using a 35 cm3 cali-
brated Ge detector connected to a multichannel
analyzer. Two samples were measured for a point.
Eect of loading and temperature. The eect of
temperature on sorption was studied for each of the
initial cation concentrations given in Table 2. Ex-
periments were carried out at four dierent tem-
Table 1. Concentrations of primary cations in laboratory tapwater used in sorption studies
Cation Na+ K+ Ca2+ Mg2+
Concentration (meq/ml) 3.54 10ÿ4 1.21 10ÿ4 2.6710ÿ4 4.3810ÿ4
Table 2. Initial cation concentrations of Cs+ and Ba2+ used in studying the eect of loading and temperature on sorption
Cation Concentration (meq/ml)
Cs+ 1.0010ÿ1 1.00 10ÿ2 1.00 10ÿ3 1.0010ÿ4 1.00 10ÿ5 1.0010ÿ6
Ba+ ÿ 1.07 10ÿ2 2.15 10ÿ3 ÿ 1.00 10ÿ5 1.0010ÿ6
Fig. 1. Photoelectron spectra of magnesite before sorption and Cs and Ba 3d regions after sorption of
Cs+ and Ba2+ ions on magnesite.
T. Shahwan et al.916
peratures: 30, 40, 50 and 608C. 3 ml of the cation
solution of interest containing an appropriate
amount of radiotracer was added to each sample
tube containing 30 mg of magnesite at the desired
temperature. The samples were shaken for 1 day,
centrifuged and 2 ml portions of the liquid phase
were counted.
Analysis by XPS
The XPS technique was used in this study to
carry out qualitative and quantitative analysis of
the nature and extent of sorption in the samples.
The elemental contents of the samples were ident-
ified from the peaks in the XPS spectrum. The
intensities of these peaks were proportional to the
elemental concentrations of the atoms or ions
within the sample. The spectra were recorded
using a KRATOS ES-300 spectrometer (AEI instru-
ments, Manchester, England) with an Al Ka
(hu= 1486.3 eV) source. Samples were introduced
as powders pressed on to adhesive copper tapes and
the pressure in the analyzer chamber was kept
below 10ÿ8 Torr during analysis. For calibration
purposes the C 1s line (B.E = 285.0 eV) was used.
This peak arises in the spectra as a result of residual
or deposited hydrocarbons on the surface. The sili-
con content was assumed to be constant before and
after the exchange, therefore the Si 2p peak was
used to normalize the intensity of the peaks belong-
ing to other elements. The normalized intensities
were then used to calculate the atomic ratios utiliz-
ing the formula (Chastain, 1992):
A=B  IA=IBsB=sAEkB=EkA3=2 1
where [A]/[B] is the atomic ratio of A and B, I is
the observed intensity, s is the tabulated cross sec-
tion (Scofield, 1976) and Ek is the kinetic energy
(huÿB.E) of the electrons emerging from the ana-
lyzed sample.
Kinetic studies. 3 ml portions of the 0.1 M Cs+ or
Ba2+ solutions were added to 30 mg magnesite
samples, without radiotracer. Sorption was carried
out at room temperature for periods starting from
1 h up to several days. Mineral samples were then
filtered and dried at 608C for 24 h. Then the XPS
spectra were recorded, the Cs and Ba 3d5/2 peak
areas were used to calculate the atomic concen-
trations of each species in the samples.
Eect of concentration. To 30 mg magnesite
samples 3 ml portions of solutions containing 1, 0.1,
0.01, 0.001 M of Cs+ or Ba2+ cations were added
in each case. Sorption was carried at room tempera-
ture for 1 day by shaking. Samples were then fil-
tered, dried and their XPS spectra were recorded.
Eect of temperature. To study the temperature
eect on sorption, experiments were performed at
30, 40, 50, 60 and 708C. 3 ml 0.1 M cation solutions
were added to 30 mg magnesite samples both of
which were previously brought to the desired tem-
perature and the samples were shaken for 1 day.
Fig. 2. Variation of Rd as a function of cesium ion loading
(meq/g) at various temperatures obtained by the radiotra-
cer method. r: T= 308C, w: T= 408C, W: T= 508C, .:
T= 608C.
Fig. 3. Variation of Rd as a function of barium ion load-
ing (meq/g) at various temperatures obtained by the radio-
tracer method. r: T= 308C, w: T= 408C, W: T= 508C,
.: T= 608C.
Fig. 4. Freundlich isotherm plots of cesium ion sorption
on magnesite at dierent temperatures. Q: T= 308C, .:
T= 408C, q: T= 508C, w: T= 608C.
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The phases were then separated by filtration, dried
and the XPS spectra were recorded.
The distribution ratio. The distribution ratio of





Where [C]s,ad (meq/g) and [C]ad (meq/ml) are the
concentrations of species C in the solid and liquid
phases, respectively. At the beginning of the sorp-
tion step, V (ml) of solution with initial concen-
tration [C]0 (meq/ml) is used and at the end of the
sorption step V+ DWpt (ml) of solution with con-
centration [C]ad are present, hence the concentration
of C in the solid phase after sorption can be
expressed as:
C s,ad 
VC0 ÿ V  DWptC ad
Ws
: 3





From (1)–(3), the following equation is obtained:
Rd,ad  VA
0 ÿ V  DWptAl,ad
Al,adWs
5
where A0=initial count rate of solution added for
sorption (cps)/ml, Al,ad=count rate of solution
after sorption (cps)/ml, Ws=weight of solid ma-
terial (g) and DWpt=amount of liquid remaining in
the tube after pretreatment, before sorption (g).
Results and Discussion
The XPS spectrum of magnesite excited by Al Ka
X-rays (hu= 1486.3) before sorption and the rel-
evant regions of the spectrum after Cs+ and Ba2+
sorption are shown in Fig. 1. The spectrum pro-
vides qualitative and quantitative information
about the species involved. Mg A refer to the KLL
Auger lines of Mg and one C 1s peak arises from
CO3
2ÿ (the other one is due to the presence of some
hydrocarbons). These peaks originate from the
major component of magnesite, MgCO3, the Si 2s
and 2p peaks belong to quartz the minor com-
ponent of magnesite.
Kinetic studies
The results of the eect of time on sorption car-
ried out using both the radiochemical and XPS
methods have shown that for both cations satur-
ation was approached in about one day of contact.
The rapid uptake of both Cs+ and Ba2+ ions indi-
cate that fast adsorption steps are involved and that
Fig. 5. Freundlich isotherm plots of barium ion sorption
on magnesite at dierent temperatures. Q: T= 308C, .:
T= 408C, q: T= 508C, w: T= 608C.
Fig. 6. Change of the atomic ratio of cation (cation/Si) with the initial cation concentration (M)
obtained by X-ray photoelectron spectroscopy.w: Barium ion, .: cesium ion.
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ion exchange at the surface could be the dominating
adsorption mechanism.
Eect of loading and temperature
The Rd values obtained by the radiotracer
method for the sorption of Cs+ and Ba2+ on mag-
nesite with various initial concentrations at dierent
temperatures are plotted as a function of cation
loading in Figs 2 and 3. The error bars represent cal-
culated uncertainties resulting from weight, volume
and activity measurements using the standard
propagation of errors relationships. As illustrated in
Fig. 2, the curves show characteristic inverse S-
shapes indicating that two dierent exchange sites
on the solid matrix are present in the case of Cs+
sorption. On the other hand, Fig. 3 suggests that a
single exchange site is present in the case of Ba2+
sorption. The sorption of Cs+ is seen to be tem-
perature dependent whereas Ba2+ sorption is little
aected by temperature changes. Since the Rd
values obtained for the dierent Ba2+ ion concen-
trations do not show significant changes at dierent
temperatures, a single curve was used to represent
the data. The curves were drawn to guide the eye.
Figures 4 and 5 illustrate Freundlich isotherm plots
of the data obtained by the radiotracer method at
various temperatures for the sorption of Cs+ and
Ba2+ ions, respectively. It is seen that Freundlich
type isotherms provide an adequate description of
the sorption behavior in all cases. The results
obtained by XPS are shown in Fig. 6. It is seen that
the amount of cations adsorbed increases with
increasing initial concentration. The results are also
in line with those shown in Figs 4 and 5.
The Freundlich type isotherm at a particular tem-
perature may be described as:
C s,ad  kC adn: 6
Where [C]s,ad is the amount of ionic species
adsorbed on the solid matrix at equilibrium (meq/
g), [C]ad is the concentration of the cation in sol-
ution at equilibrium (meq/ml), k and n are
Freundlich constants. The results of least square fits
to the experimental data are given in Table 3. A
higher value of k indicates higher sorption anity
for the ion in solution, whereas a higher value of n
indicates higher sorption intensity (Mishra and
Tiwary, 1995). At the limit when n= 1, the adsorp-
tion is said to be linear and the constant k becomes
equivalent to Rd.
It is interesting to observe that the Ba2+ ion has
both higher anity and higher intensity of adsorp-
tion than the Cs+ ion. This is probably due to the
fact that the exchanging cation Mg2+ has a divalent
positive charge as Ba2+. Furthermore, the n values
seem to be independent of temperature, whereas the
k values show a drastic decrease with increasing
temperature for both species.
Eect of temperature
Arrhenius plots, that is the change of ln Rd values
with reciprocal temperature, can be plotted using
the equation (Qadeer et al., 1993):







where R is the gas constant, 8.314 J/molK, DH0,
DS0 are the enthalpy and entropy changes associ-
ated with the sorption process and T is the sorption
temperature (K). Figures 7 and 8 show Arrhenius
plots for Cs+ and Ba2+ sorption, respectively. The
linear correlation coecients for the dierent con-
centrations of Cs+ ion range from 0.889 to 0.995
and those of Ba2+ ion range from 0.830 to 0.959. It
was observed that the values of Rd decrease with
increasing temperature. The decrease for the Cs+
ion is more pronounced than that for the Ba2+ ion.
Thermodynamic parameters such as the enthalpy
change, DH0, and entropy change, DS0, in sorption,
Table 3. Parameters for the Freundlich type isotherm fits to the data for the sorption of Cs+ and Ba2+ cations on magnesite at dierent
temperatures
Temperature (K) Cs+ Ba2+
k (meq/g) n k (meq/g) n
303 7.9 0.77 16.2 0.87
313 4.0 0.75 10.4 0.85
323 2.4 0.74 9.1 0.81
333 1.8 0.74 5.9 0.80
Fig. 7. Variation of log Rd as a function of temperature
for the sorption of cesium ion on magnesite at various in-
itial ion concentrations (meq/ml). .: 1.00 10ÿ1, Q:
1.00 10ÿ2, R: 1.0010ÿ3, W: 1.00 10ÿ4, T: 1.0010ÿ5,
w: 1.00 10ÿ6.
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were calculated from the slopes and intercepts of
least square fits to the experimental data. The linear
correlation coecients for the dierent concen-
trations of Cs+ ion range from 0.889 to 0.995 and
those of Ba2+ ion range from 0.830 to 0.959.
The thermodynamic parameters DH0 and DS0 for
the sorption of Cs+ and Ba2+ ions on magnesite
obtained in this work are given in Table 4. These
values were averaged for the dierent concen-
trations and the uncertainties represent standard de-
viations (S.D.).
The negative values for the enthalpy change,
DH0, indicate the exothermic nature of sorption. A
decrease in temperature favors the sorption of pro-
ducts which are energetically stable. The decrease in
adsorption with the rise in temperature may be due
to increased desorption as a result of the increase in
the thermal energy of the adsorbates (Panday et al.,
1984). The negative value of the entropy change,
DS0, is an indication of the stability of surface
adsorption. The relatively lower negative value of
DS0 is indicative of the presence of high energy
bonds and an ordered arrangement of the adsorbate
over the adsorbent (Sundaram, 1994). Thus, Cs+
ions exhibit stronger binding to magnesite and their
arrangement is more ordered than Ba2+ ions.
The free energy of specific adsorption, DG0 was
calculated for dierent concentrations at each tem-
perature utilizing the following equation:
DG 0  ÿRT ln Rd: 8
The calculated values of DG0 were similar for both
cations at all four temperatures, averaging 923
(S.D.) (kJ/mol) for Cs and 1022 (S.D.) (kJ/mol)
for Ba. The spontaneity of the exchange process is
indicated by the negative DG0 values for both of the
cations. The magnitude of the energy of sorption is
in the 8–16 kJ/mol range which is the energy range
for ion exchange type reactions (Helferich, 1964).
Thus, the mechanism of both Cs and Ba ion sorp-
tion on magnesite is principally an ion exchange.
Surveying the literature, it was found that few
studies on the sorption of Cs+ and Ba2+ ions on
various minerals at dierent temperatures were car-
ried out. Sorption of Cs+ ion on alumina was seen
to be exothermic, with the thermodynamic par-
ameters being of the same order of magnitude as
we have obtained in this study (Khan et al., 1995).
Conclusions
The following conclusions about the sorption of
cesium and barium ions on magnesite can be
drawn:
— Radiotracer and XPS studies indicate that for
cesium and barium sorption on magnesite, equili-
brium is established within a day of contact.
— For cesium, sorption takes place primarily via
two mechanisms and/or exchanging sites. This is
indicated by the inverse S-shape loading curves. On
the other hand, sorption of barium occurs via a
single mechanism as suggested by the single plateau
loading curve.
— The XPS studies show that the atomic concen-
tration ratio and hence the surface coverage
increases as the cation initial concentration
increases for both cesium and barium ion sorption.
— Freundlich isotherms, as compared to other
isotherm types provide the most adequate descrip-
tion of the sorption data for Cs+ and Ba2+ ions at
dierent temperatures. The values of Freundlich
parameters k and n suggest that Ba2+ ion has a lar-
ger sorption anity and intensity.
— The negative values and magnitudes of DH0
and DS0 for both ions indicate the exothermic and
stable nature of adsorption. The lower DS0 value
for Cs+ suggests a more ordered and stable adsorp-
tion. Negative DG0 values show that the adsorption
process is spontaneous. The magnitudes of DG0 for
both cations at all the temperatures studied suggest
that ion-exchange is the main adsorption mechan-
ism.
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